Abstract
Introduction 31
Biogas is a renewable source of methane (CH 4 ) produced on a large scale at wastewater treatment 32 works during anaerobic digestion. Typically the biogas has a CH 4 content of 55-60 % by volume, 33 compared to >90 % CH 4 for natural gas. Carbon dioxide (CO 2 ) is the key balancing gas contributing 34 35-50 % of the total gas volume. As an inert gas, CO 2 lowers the calorific value (CV) of the biogas 35 from 36 MJ m -3 for natural gas to 21 MJ m -3 (Ryckebosch et al, 2011) . Whilst the lower CV of biogas is 36 appropriate for direct utilisation in combined heat and power (CHP) applications, the CV must be 37 upgraded for use as 'biomethane', or natural gas alternative, principally through the selective 38 separation of the CO 2 . As a result of incentivisation schemes, it is increasingly preferable to upgrade 39 biogas for 'gas to grid' instead of electricity generation via CHP because of the disparity in value of 40 the gas for these applications. For example, as a consequence of the 'renewable heat incentive' (RHI) 41 in the UK, a cubic meter of biogas is worth approximately 32 pence (p) if used as a natural gas 42 alternative but only 19 p when applied to CHP (Read et al., 2011) . 43
Several technologies exist for selective CO 2 removal, including pressure swing adsorption 44 (PSA), dense membrane separation and absorption columns using either water or a chemical as the 45 absorption solvent. Whilst the specific mechanism for gas separation differs between technologies, 46 these current process options are not able to offer definitive selectivity during separation, thus some 47 loss of the secondary gas can be expected. The term 'slip', corresponds to the loss of this secondary 48 gas, in this case methane, from the product side due to either co-permeation, in the case of dense 49 permeation membranes, or co-dissolution during absorption. The significance of slip to process 50 operation is application specific. For example, in the case of dilute hydrogen sulfide (H 2 S) absorption 51 from air for odour treatment (Jefferson et al., 2005 ; Esquiroz-Molina et al., In Press), the co-52 solubilisation of the ternary gases nitrogen and oxygen (and low concentration CO 2 ) are not 53 quantified, or considered. However, for biogas upgrading the significance of methane 'slip' is 54 considerable since methane possesses the intrinsic value as the product gas. Few published studies 55 have sought to quantify slip. Early studies of full-scale dense gas membranes for CH 4 recovery from 56 ), M r,CH4 is the relative molecular mass of methane and A m is the active surface area of the HFMC. 131
Gas samples were taken from GC septa fitted on the gas-side upstream and downstream of the 132 Atchariyawut et al. (2007) : 134 A gas chromatograph (GC) fitted with a thermal conductivity detector (TCD) was used to analyse the 146 gas and liquid samples (200 Series GC-TCD Cambridge Scientific Instruments Ltd., Witchford, UK). 147 Gas solutes were separated on an Alltech® CTR I concentric packed column which has a concentric 148 column with a 1/4" outer column surrounding an 1/8" inner column (Alltech Associates Inc., 149
Deerfield, Illinois, USA). Samples were introduced onto the column in a 1mL volume and eluted using 150
Helium as the carrier gas at an entry pressure of 4.2 bar(g). The isothermal method used an injector 151 temperature of 150°C, an oven temperature of 30°C and a detector temperature of 180°C. The 152 instrument was calibrated using certificated CO 2 and CH 4 gas standards (Scientific Technical Gases 153
Ltd., Staffordshire, UK) prior to each analysis. A sharp methane peak eluted from the inner column 154 containing mixed porous polymer packing at a retention time of 30 s followed by the CO 2 ). For both solvents, a pseudo-plateau was evidenced following 215 one recirculation which can be explained by the saturation of the solvent with CH 4 after one 216 circulation. This is supported by the measured dissolved phase methane concentration which 217
stabilised following approximately one recirculation. However, methane losses were lower using the 218 NaOH solvent. For example, following two solvent recirculations, losses were 0.086 g g -1 and 0.709 g 219 g -1 for the NaOH and DI solvents respectively. Over five solvent recirculations, the chemical solvent 220
supported an outlet gas phase concentration of >99% CH 4 ( Figure 6 ). In contrast, outlet gas quality 221 rapidly diminished for the DI solvent following less than one use. 222
4.
Discussion 224 A significant finding in this study was that methane slip was dependent upon whether the process 225 was gas phase or liquid phase controlled. For physical solvents such as DI water, the liquid phase 226 presented the rate limiting condition to CO 2 mass transfer. This manifested as an increase in CO 2 227 flux, and therefore an enhancement in gas-side methane purity, when V L was increased. The in the operational L/G ratio. This limited CH 4 flux, as the physical dissolution of CH 4 in NaOH can be 251 similarly described by Henry's law and is thus attributable to solvent flow rate. To illustrate, to 252 achieve an equivalent outlet CH 4 purity of 85 %, the L/G required for DI and NaOH solvents were 5.2 253 and 0.33 yielding 'slip' of 5.2 % and 0.1 % respectively. Interestingly, when using the chemical 254 solvent at L/G >1, the gas-side CO 2 concentration was reduced to below the limit of detection and 255 was coincident with a non-linear increase in methane flux (Figure 3) . It is posited that this CH 4 flux 256 enhancement arises from the increase in gas-side CH 4 partial pressure suggesting that an optimum 257 L/G should be identified to limit 'slip' in addition to gas-side CO 2 . 258 of NaCl (Figure 4 ). The NaCl behaved as an electrolyte, which induced 'salting out' of the physically 260 absorbed gas species resulting in a reduction in the attainable saturation constant. Setschenow 261 (1889) supposed that 'salting out' was induced by a preference of water molecules to hydrate and 262 dissolve ionic species rather than the uncharged gas candidates. Latterly Masterton and Lee (1970) 263 used 'scaled particle theory' (SPT) to suggest that salting out increased the work required to form a 264 cavity (within the condensed liquid phase) of sufficient size to accommodate a gas solute. 265
Consequently, electrolyte addition to the physical solvent (DI) reduced methane slip to 4 % 266 compared to 5.2 % for DI water. The use of NaCl to improve outlet gas quality was also assessed by 267 Atchariyawut et al. (2007) . The authors based the improvement in outlet gas quality on the 268 electrolytes capacity to reduce water vapour content. Whilst the author's hypothesis of reduced 269 water activity is valid, clearly the contribution of reduced methane 'slip' must also be considered. 270
Due to the inclusion of NaCl, the CO 2 saturation constant was reduced by 22 %. However, 271 the measured dissolved CO 2 concentration was below this saturation concentration and hence the 272 impact on CO 2 flux was seemingly negligible (Figure 2a conventional water scrubbers cannot be made due to differences in gas-side preconditioning and 296 scale, this is markedly lower than the 13.1% slip recorded for a pilot scale unit applied to landfill gas 297 slip, financial incentivisation now also rewards installations which operate at 'slip' below 0.5 % (Wolf 304 and Nettelnbreker, 2011). Based on this study, to reach this target without the use of abatement 305 technologies, chemical solvents are required as this enables the shift to gas-phase control which 306 minimises 'slip' through minimum solvent consumption; though the energy penalty associated with 307 solvent regeneration must also be considered. The characteristically low absorbent demand of 308
HFMCs could conceivably limit the energy necessary for chemical regeneration through a reduction 309 in liquid volume, which is also coupled to a significantly reduced pumping requirement. This is in 310 example, assuming biogas production of 1000 m 3 hour -1 (a moderate full-scale flow rate) with 60 % 312 initial CH 4 content, an upgrading plant operating at 5.2 % slip would lose approximately £87,500 313 year -1 at 32 p m -3
. In contrast, a NaOH solvent with 0.1 % slip would only lose £1,700 year -1
. Only 314 £500 year -1 would be lost at 0.03 % slip in a NaOH + NaCl absorbent. 315
In practice, there is a trade-off between CAPEX and OPEX, such that the application of highly 316 reactive chemical solvents will be used to reduce asset scale by increasing throughput, consequently, 317 the number of achievable solvent recirculations could be lower than presented in this study. 318
However, both energy and carbon returns demonstrate that operation greater than one 319 recirculation is sufficient to derive a net energy benefit through minimising methane slip (Figure 7) . 
Conclusion 328
The significance of methane slip during biogas upgrading was dependent upon whether the process 329 was gas phase or liquid phase controlled since methane transport was governed by Henry's law and 330 hence independent of chemical reactivity. 331  For physical solvents, absorption was dependent upon V L . However, at high VL, selectivity 332 toward CO2 declined due to low residence times and an underdeveloped regime; 333 Jefferson, B., Nazareno, C., Georgaki, S., Gostelow, P., Stuetz, R. M., Longhurst, P., Robinson, T., 
